The neoplastic process may involve a cancer stem cell. This concept has emerged largely from the careful analysis of tumour biopsy systems from haematological, breast and brain tumours. However, the experimental systems necessary to provide the cellular and molecular evidence to support this important concept have been lacking. We have used adult mesenchymal stem cells (hMSC) transduced with the telomerase hTERT gene to investigate the neoplastic potential of adult stem cells. The hTERT-transduced line, hMSC-TERT20 at population doubling level (PDL) 256 showed loss of contact inhibition, anchorage independence and formed tumours in 10/10 mice. hMSC-TERT4 showed loss of contact inhibition at PDL 95, but did not exhibit anchorage independence and did not form tumours in mice. Both lines had a normal karyotype but showed deletion of the Ink4a/ ARF locus. At later passage, hMSC-TERT4 also acquired an activating mutation in KRAS. In hMSC-TERT20, expression of the cell cycle-associated gene, DBCCR1 was lost due to promoter hypermethylation. This epigenetic event correlated with acquisition of tumorigenicity. These data suggest that the adult hMSCs can be targets for neoplastic transformation and have implications for the development of novel anticancer therapeutics and for the use of hMSC in tissue engineering and transplantation protocols.
The neoplastic process may involve a cancer stem cell. This concept has emerged largely from the careful analysis of tumour biopsy systems from haematological, breast and brain tumours. However, the experimental systems necessary to provide the cellular and molecular evidence to support this important concept have been lacking. We have used adult mesenchymal stem cells (hMSC) transduced with the telomerase hTERT gene to investigate the neoplastic potential of adult stem cells. The hTERT-transduced line, hMSC-TERT20 at population doubling level (PDL) 256 showed loss of contact inhibition, anchorage independence and formed tumours in 10/10 mice. hMSC-TERT4 showed loss of contact inhibition at PDL 95, but did not exhibit anchorage independence and did not form tumours in mice. Both lines had a normal karyotype but showed deletion of the Ink4a/ ARF locus. At later passage, hMSC-TERT4 also acquired an activating mutation in KRAS. In hMSC-TERT20, expression of the cell cycle-associated gene, DBCCR1 was lost due to promoter hypermethylation. This epigenetic event correlated with acquisition of tumorigenicity. These data suggest that the adult hMSCs can be targets for neoplastic transformation and have implications for the development of novel anticancer therapeutics and for the use of hMSC in tissue engineering and transplantation protocols. Cancer is considered to be a disease of dysregulated cellular self-renewal capacity, yet a fundamental issue in cancer research is the identification of the actual cell type capable of sustaining the outgrowth of the neoplastic clone within solid tumours (Dick, 2003; Owens and Watt, 2003; Perez-Losada and Balmain, 2003) . This capacity for self-renewal links neoplastic growth with stem cell biology (Reya et al., 2001; Preston et al., 2003) . Stem cells within normal tissues are unique in their ability to both self-renew and to give rise to differentiated tissues. The identification of reservoirs of multipotential stem cells within adult tissue provides evidence that all tissues may have stem cells (Preston et al., 2003) . Although tumour cells share characteristics in common with normal stem cells, the target cell for transformation has been elusive as it is not clear whether oncogenic transformation induces stem cell characteristics on normal lineage committed cells or whether an adult stem cell is indeed the target (Al-Hajj et al., 2003; Owens and Watt, 2003; Perez-Losada and Balmain, 2003) . However, recent evidence from the study of human leukaemia shows that the normal haematopoietic stem cell and the neoplastic clone share common molecular mechanisms governing proliferation which is supportive of the normal haematopoietic stem cell being a target for transformation (Lessard and Sauvageau, 2003; Park et al., 2003) . In addition, cancer stem cells have recently been isolated from breast and brain tumours (Al-Hajj et al., 2003; Hemmati et al., 2003; Passegue et al., 2003; Singh et al., 2003) The identification of the target cell for neoplastic transformation and the molecular mechanisms by which it subverts normal proliferative, cell fate and differentiation signals will be critical for the development of novel therapeutic strategies designed to specifically eradicate the cancer stem cell while sparing the normal stem cell population (Reya et al., 2001) . Thus, the development of adult stem cell lines from a variety of tissues will be required to address the issue of whether human adult stem cells can be targets for transformation.
Adult human mesenchymal stem cells (hMSC) are notable for their ability to differentiate along multiple lineages including bone, cartilage, adipose and muscle cells (Jiang et al., 2002; Shi et al., 2002; Simonsen et al., 2002) . Thus, the hMSC may be of use in the treatment of a diverse variety of clinical conditions (Collas and Hakelien, 2003; Korbling and Estrov, 2003) . We have recently developed cell line models immortalized with telomerase reverse transcriptase (hTERT) gene (Simonsen et al., 2002) for the hMSC. Ectopic expression of hTERT gene extends hMSC life and maintained the functional characteristics of the cells in spite of extensive proliferation. However, telomerase activity has been associated with neoplastic transformation in several models in vitro and in vivo (Wang et al., 2000; Hahn and Meyerson, 2001; Hamad et al., 2002) .
We examined expression of transformed phenotype during long-term culture of three different independently growing cell lines (hMSC-TERT20, hMSC-TERT4, hMSC-TERT2) (Figure 1 ) derived from the parental cell strain. At various population doubling level (PDL), the cells were analysed for karyotype, doubling time (DT), labelling index (LI) using Ki67 staining, the presence of contact inhibition and anchorage dependence. Telomerase activity, levels of expression of hTERT transgene and the endogenous hTERT were determined using quantitative real-time PCR. Furthermore, the cells were mixed with Matrigel R and implanted subcutaneously in immune-deficient mice (NOD/LtSzPrkdc SCID ) for 6 months. HT1080 fibrosarcoma cell line was used as a positive control.
The hTERT-transduced line was split into three independent hMSC-TERT cell cultures, namely, hMSC-TERT2 was passaged with split ratio 1:2; hMSC-TERT4 was passaged with split ratio 1:4; hMSC-TERT20 was passaged with split ratio 1:20. hMSC-TERT20 at PDL 256 showed loss of contact inhibition, anchorage independence and formed tumours in vivo in 10/10 mice (Table 1) . Chromosomal analysis by G-Banding and comparative genomic hybridization (CGH) showed consistently normal 46, XY karyotype. The levels of hTERT transgene expression and telomerase activity did not differ between the cell lines and the endogenous hTERT expression was not detectable (not shown). Histologically, the tumours were mesenchymal and presented an expansive, nodular growth pattern. In some cases, invasive growth into skeletal muscle was observed. Immunohistochemically, the tumours were tested for antigens characteristic for different tissues. (Muscle: ASMA, pan actin, desmin, myogenin; bone: biglycan, osteonectin, bone sialoprotein [BSP],collagen type 1; Schwann cells: S100; Haematopoietic bone marrow cells: CD45; blood vessels: CD31, CD34; basement lamina formation: laminin, collagen 4; Epithelium: cytokeratin (CAM5,2) and additional markers: CD56, CD94). Moreover, Ki67/ MIB1 used to examine the growth potential and Figure 1 (a) Growth curves of three independent hMSC-TERT cell cultures. Yellow square hMSC-TERT2 was passage with split ratio 1:2; blue triangle hMSC-TERT4 was passage with split ratio 1:4; red circle hMSC-TERT20 was passage with split ratio 1:20. The population doubling levels abnormalities were first detected and indicated on the graphs for Ink4a/ARF locus deletion, KRAS oncogene mutation and DBCCR1 methylation. showed loss of contact inhibition at PDL 168, but did not exhibit anchorage independence and did not form tumours in mice (Table 1 ). The DT of hMSC-TERT2 has remained low for 60 population doublings.
To characterize the molecular basis of the phenotypic changes in hTERT-transduced hMSC lines, we isolated DNA from different passages of hMSC-TERT4 and hMSC-TERT20 and searched for alterations of the BRAF, NRAS, KRAS, p16
Ink4a and ARF genes. We first examined the integrity of the Ink4a/ARF locus by polymerase chain reaction (PCR) (Gronbaek et al., 2000) analysis of exon 2, which is common to p16 Ink4a and ARF. PCR amplification yielded a band of the expected size for hMSC-TERT4 at PDL 74, whereas no product was obtained at PDL 95 or later passages (Figure 1b) . Similarly, Ink4a/ARF exon 2 could not be amplified for hMSC-TERT20 from PDL 123 (data not shown). These data suggest that hMSC-TERT4 and hMSC-TERT20 have lost expression of the p16 Ink4a and ARF tumour suppressor proteins due to homozygous deletion of the Ink4a/ARF locus whereas the Ink4a/ARF locus was detectable with FISH analyses suggesting that the deletion was a microdeletion. At a later passage, hMSC-TERT4 also acquired an activating mutation in KRAS, which may account for the observed increase in doubling time and loss of contact inhibition (Table 1; Figure 1b ) To identify additional genetic changes responsible for the phenotypic changes in hMSC-TERT20, we compared the expression patterns of genes in early and later passages of this cell line using DNA microarrays. The cell cycle-associated gene, DBCCR1 was particularly interesting because its expression was entirely lost at later passages and while the exact function of this gene is elusive at present, it may be involved in regulating cellular senescence (Nishiyama et al., 2001) . Methylation-specific PCR analysis showed that loss of DBCCR1 expression was due to hypermethylation of the DBCCR1 promoter and that this epigenetic event correlated with acquisition of the tumorigenic phenotype in hMSC-TERT20 (Table 1 ; Figure 1c ).
The identification of the neoplastic potential within the normal adult human mesenchymal stem cell represents a major step forward in elucidating the origin and maintenance of tumours of mesenchymal origin such as soft-tissue sarcomas and osteosarcomas (Mackall et al., 2002; Helman and Meltzer, 2003) . While these may be considered rare in comparison to many other solid tumours they have a very mixed clinical outcome and are currently poorly understood at the molecular level (Helman and Meltzer, 2003; Mackall et al., 2002) . Thus, the availability of hMSC lines allows for some of the current issues relating to cell of origin and the molecular events that drive transformation to be addressed.
Studies on a variety of cell types derived from normal somatic tissues would suggest that ectopic expression of hTERT alone or in combination with inactivation of either the p53/p21 CIP/WAF1 or the pRB/p16 INK4a pathways will result in immortalization, without the acquisition of a tumorigenic phenotype (Kiyono et al., 1998; Hahn and Weinberg, 2002; Lundberg et al., 2002) . Our results would at first appear at variance with these previous results. However, consequences of ectopic expression of hTERT may be different between adult somatic cells and stem cells. The adult stem cells are unique in its ability through asymmetric division to both self-renew and give rise to differentiated progeny. This delicate balance between proliferative capacity and differentiation is likely to be reliant on the precise regulation of many genes involved in cell cycle control, differentiation and immortality. While telomerase can supply the necessary mechanism to support long-term proliferation in lineage committed cell types, it is possible that stem cells require the alteration of pathways involved in differentiation or cell cycle blocks to efficiently achieve an extended proliferative lifespan and these may also predispose to neoplastic transformation. The recent finding that the Bmi-1 gene can determine the self-renewal capacity of adult haematopoietic stem cells (Lessard and Sauvageau, 2003; Park et al., 2003) would support the necessity for multiple alterations to achieve a true unrestricted proliferative lifespan and these may also predispose to neoplastic transformation. Consistent with our findings is the recent observation that ectopic expression of hTERT in the WI-38 fibroblast cell strain can also lead to the acquisition of additional genetic changes and a premalignant phenotype (Milyavsky et al., 2003) . Thus it is possible that hTERT overexpression may favour tumorigenic events by affecting the function of cell survival genes, transcription factors and proliferation modulator genes such as p16 INK4a through the induction of high cell proliferation.
In conclusion, we find that transducing hMSC with hTERT unmasks neoplastic potential and contributes to mesenchymal tumour development. Thus, the current study progresses our understanding of the molecular links between immortalization and transformation of stem cells. The identification of the target cell for neoplastic transformation and the molecular mechanisms by which it subverts normal proliferative and differentiation signals will be critical for the development of novel therapeutic strategies designed to specifically eradicate the cancer stem cell while sparing the normal stem cell population. In addition, the observed genetic and epigenetic changes and tumorigenic phenotype show that before the widespread use of stem cells can be used in the clinic, more complete understanding of the biological consequences of telomerase expression in adult stem cells is required.
